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Liquid crystalline systems of glyceryl monooleate/water are used as drug delivery systems due
to their complex structure that controls drug diffusion. Mucoadhesive properties of glyceryl
monooleate suggest it can be used for buccal delivery. Using additives is a strategy to modify
physical and chemical properties of liquid crystalline systems and optimize their performance
as a drug delivery system. However, the presence of additives can significantly alter properties
such as phase behavior, swelling and mucoadhesion. Our aim is to investigate the influence
of additives on swelling and mucoadhesion of glyceryl monooleate-based liquid crystals,
intending them to be used as buccal drug delivery systems. The systems were characterized
regarding their mesophases, swelling rate, and mucoadhesion. All the systems studied were
able to absorb water and presented mucoadhesion, which is interesting for the development of
buccal drug delivery systems. Additives induced phase transitions and affected the swelling
performance, while mucoadhesive properties were poorly affected. Propylene glycol increased
water uptake, while oleic acid induced the phase transition to the hexagonal phase and reduced
the swelling rate. The association of oleic acid (5%) and propylene glycol (10%) resulted in a
cubic phase system with strong mucoadhesive properties that can be a potential drug carrier for
buccal delivery.

Keywords: Glyceryl monooleate. Liquid crystals. Drug delivery. Swelling. Mucoadhesion.
Buccal drug delivery.

INTRODUCTION Zimmer, 2015; Rajabalaya et al., 2017; Esposito et al.,
2018; Wang et al., 2018).
Liquid crystalline systems of glyceryl monooleate Using additives is a strategy to modify physical and

(GMO) have been proposed as delivery systems for  chemical properties of liquid crystalline systems, which

several drugs and routes of administration. Their
complex matrix structure can control drug delivery and
their amphiphilic nature allows the incorporation of both
hydrophilic and lipophilic drugs. Moreover, these systems
present mucoadhesion that increases the contact time
at the application site. These properties suggest liquid
crystalline systems as interesting candidates for drug
delivery technology (Shah, Sadhale, Chilukuri, 2001;
Boyd et al., 2006; Guo et al., 2010; Phan et al., 2011;
Zabara, Mezzenga, 2014; Bisset, Boyd, Dong, 2015; Milak,
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consequently optimize their performance as a delivery
system for a particular drug or route of administration.
Thus, incorporating additives with different polarities
into liquid crystalline systems can affect the packing
parameters of self-assembled lipid systems and alter their
phase behavior. These changes can be expressed as phase
transitions or variations in the lattice diameter or channel
size of liquid crystalline systems and affect properties such
as viscosity, spreadability, thermal stability, drug release
or drug permeation and mucoadhesion. Therefore, these
changes influence the performance of a liquid crystalline
system. In general, hydrophilic additives induce phase
transitions to lamellar phases while lipophilic compounds
are inserted among lipid tails, disturb mesophase packing,
increase the apparent hydrophobic chain volume of lipids,
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and reduce the lattice parameter. These changes induce
the formation of cubic and hexagonal phases (Chang,
Bodmeier, 1997; Lee, Kellaway, 2000; Sallam et al.,
2002; Shah, Paradkar, 2007; Libster, Aserin, Garti, 2011;
Phan et al., 2011; Madheswaran ef al., 2013; Bisset, Boyd,
Dong, 2015; Wang et al., 2018; Li et al., 2018).

We previously studied GMO/water systems
containing propylene glycol (PG) and oleic acid (OA)
additives, either alone or in combination, for skin delivery
of the anti-inflammatory drug celecoxib (Dante et al.,
2018). An association of these additives has resulted
in a very interesting skin delivery system to modulate
celecoxib release and permeation (Dante et al., 2018).
Considering this, we propose to study their potential as
a drug delivery system for other routes of administration,
such as buccal drug delivery.

The development of buccal drug delivery systems
requires evaluating of the swelling and mucoadhesive
properties, as well as the phase behavior and drug
delivery. Swellable systems may absorb water upon
contact with saliva in the oral cavity and mucoadhesion
can increase the contact time between formulation
and oral mucosa. GMO presents good mucoadhesive
properties (Dash et al., 1999; Lee, Young, Kellaway,
2001) and therefore GMO based liquid crystalline
systems are good candidates for vehicle drugs for
buccal delivery. Furthermore, these systems are
nontoxic, biodegradable and they can be easily applied
at the buccal mucosa (Lee, Kellaway, 2000; Norling
et al., 1992; Esposito et al., 1996; Nielsen, Schubert,
Hansen, 1998; Okonogi, 2004; Souza et al., 2014;
Nunes et al., 2016). However, the presence of additives
can significantly alter the phase behavior and system
properties, including swelling and mucoadhesion.
Consequently, these properties must always be evaluated
whenever polar and nonpolar compounds are added.

Our objective is to study the influence of additives
on swelling and mucoadhesion of GMO liquid crystals,
aiming to use them as buccal drug delivery systems.
Here we examined the behavior of GMO/water liquid
crystalline systems containing OA and PG by focusing
on the determination of swelling and mucoadhesion that
are relevant properties for buccal delivery to investigate
the influence of the additives on these properties.
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MATERIAL AND METHODS

The glyceryl monooleate (GMO) used was a
commercial preparation of monoglycerides derived from
canola oil (Myverol 18-99) provided by Kerry do Brasil
(Campinas, Sao Paulo, Brazil). Propylene glycol (PG)
was obtained from Labsynth® (Diadema, SP, Brazil)
and oleic acid (OA) was acquired from Sigma-Aldrich
(St. Louis, MO, USA). All the other chemicals were of
analytical grade.

Preparation of liquid crystalline systems of GMO
and water

The systems were prepared by melting GMO at 40
°C followed by adding water at the same temperature.
For the systems containing additives, OA was added to
molten GMO while PG was added to the aqueous phase
due to their solubility. The systems were maintained at
room temperature for 24 hours to reach equilibrium.
The lamellar phase was obtained at the GMO/water ratio
of 90:10 (GMO-W (90:10)), while the cubic phase was
obtained at a 70:30 ratio (GMO-W (70:30)). PG and OA
were added to the cubic phase (Table I) while the GMO/
water ratio was kept constant.

The phase behavior was analyzed by polarizing light
microscopy using the Eclipse E200 light microscope
(Nikon) fitted to polarizing filters. Photomicrographs
were acquired using a Moticam 2000 digital camera and
the automatic image acquisition system called Motic
Image Plus 2.0.

TABLE | - Composition of liquid crystalline systems
containing additives

Composition (%, w/w)

System
y Gl\ng;v(;ter OA PG
GMO-W (70:30) 100% 0 0
GMO-W (70:30)/0A 95% 5% 0
GMO-W (70:30)/PG(5) 95% 0 5%
GMO-W (70:30)/PG(10) 90% 0 10%
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TABLE | - Composition of liquid crystalline systems
containing additives

Composition (%, w/w)

System GMO/water
70:30) 94 PG
GMO-W (70:30)/OA/PG(5) 90% 5% 5%
GMO-W (70:30)/OA/PG(10) 85% 5% 10%

GMO-W: glyceryl monooleate/water system; OA: oleic
acid; PG: propylene glycol.

Swelling studies

Water uptake by the liquid crystalline systems was
determined gravimetrically after immersion in excess of
liquid. The immersion media used was artificial saliva
that is a solution of salts to mimic saliva containing
potassium chloride (0.625g), sodium chloride (0.865g),
magnesium chloride (0.058g), calcium chloride (0.166g),
potassium hydrogenphosphate (0.803g), potassium
dihydrogenphosphate (0.326g), sorbitol 70.0% (42.75g)
and methylparaben (2.0g) to 1000.0mL of water (adapted
from Nakamoto, 1979). No flavors, dyes and thickeners
were added. Samples of the liquid crystalline systems (1.0
g) were placed on cylindrical supports fitted to cellulose
acetate membranes and immersed in artificial saliva, at
37°C. At defined time intervals (1, 2, 3, 4, 5, 6 and 24
hours) the samples were removed from the immersion
media and weighed. Water uptake was determined as the
increase in weight of the sample over time normalized to
the initial weight of the dry systems. All the measurements
were recorded under ambient conditions (n=3).

The water uptake data were subjected to
mathematical models in order to characterize the kinetic
of swelling (Schott, 1992). Swelling data were plotted
according to first and second-order kinetics equations 1
and 2, respectively:

Weo .
= Equation 1),
— kt (Eq )

In

t 1 t
= = 2+ —
w kWoo Weo

(Equation 2),
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where Woo is the maximum water uptake, W is the water
uptake at a time ¢, (Woo—W) is the unrealized water uptake,
and k is the proportionality constant. For the second-order
kinetics, the reciprocal of the slope indicates Woo, which
is the maximum or equilibrium water uptake (Souza et
al., 2014; Schott, 1992).

Mucoadhesion studies

Mucoadhesive properties were evaluated by
determining the maximum detachment force (£ ) using
a Texture Analyser TA.XT Plus (Stable Micro Systems)
and natural mucosa (pig buccal cheek). Mucosa from
freshly slaughtered healthy pigs was purchased from
the Frigorificos Olhos D’agua Industria e Comércio de
Carnes Ltda slaughterhouse (Ipua, Sao Paulo, Brazil),
cut into small strips, immediately frozen (—22°C), and
stored for up to one month prior to use. Samples of the
systems (0.4 g) were placed into a cylindrical probe for
semisolid analysis (upper probe). Segments of mucosa
were fixed on plexiglass discs using cyanoacrylate
adhesive, which were attached to the lower platform of
the equipment. The mucosa was hydrated with 300 pL
of artificial saliva prior to the mucoadhesion testing.
Then, the upper probe was lowered at a defined speed
(0.1 mm/s) until the contact between samples and mucosa
was established. A contact force of 1.0 N was applied for
5 minutes to ensure close contact between the systems
and the mucosa. Next, the probe was withdrawn at a
constant speed of 1 mm.s™! and the force required for
detachment was determined from the resulting force-
distance plot. Sample systems and mucosa were used
once, and the analysis was performed in triplicate. F/_
(N) was automatically recorded by the software Exponent
for XT Plus from the force-distance plot.

RESULTS AND DISCUSSION

Additives such as solubilizers and permeation
enhancers can be used to modulate drug release and
permeation through natural membranes and optimize
drug delivery. Their presence can affect the phase
behavior and properties such as drug release, swelling
and mucoadhesion. In this study, we investigated the
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influence of OA and PG on GMO/water liquid crystalline
system properties.

GMO-W (70:30) was isotropic at polarizing light
microscopy and exhibited the macroscopic aspect
of the cubic phase, as expected. GMO-W (90:10),
GMO-W (70:30)/PG(S) and GMO-W (70:30)/PG(10)
presented the texture of the lamellar phase, while
GMO-W (70:30)/OA presented the hexagonal phase.
Representative photomicrographs of the phases of the
liquid crystalline systems, identified by polarizing light
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microscopy, are depicted in Figure 1. These results
corroborate reported data that indicate that hydrophilic
additives such as PG favor the formation of lamellar
phases while lipophilic additives, such as OA favor
the formation of cubic and hexagonal phases (Milak,
Zimmer, 2015; Rajabalaya et al., 2017; Wang et al.,
2018; Chang, Bodmeier, 1997; Shah, Paradkar, 2007;
Lopes et al., 2006; Alfons, Engstrom, 1998; Merclin
et al., 2004; Bender et al., 2005; Bender et al., 2008;
Peng et al., 2010).

- e

FIGURE 1 - Representative photomicrographs of the liquid crystalline systems containing or not additives, after 24 hours of

equilibrium: A-) GMO-W (90:10), B-) GMO-W (70:30)/0A, C-) GMO-W (70:30)/PG(10). Glyceryl monooleate (GMO),

water (W), oleic acid (OA), propylene glycol at 10% (PG10).

PG is a hydrophilic compound that can be added to
GMO/water systems to act as a solubilizer or to partition
into water channels and widen their size. PG induces
phase transitions to the lamellar phase in a concentration-
dependent manner and to the sponge phase at high loads
(Li et al., 2018; Alfons, Engstrom, 1998; Merclin et al.,
2004; Bender et al., 2005; Bender ef al., 2008; Peng et
al., 2010). OA is a lipophilic additive widely used as a
permeation enhancer for natural membranes. Adding OA
to GMO/water systems induces phase transitions from
cubic to hexagonal phases (Wang et al., 2018; Chang,
Bodmeier, 1997; Shah, Paradkar, 2007; Lopes et al.,
2006). Incorporating different triglycerides induce a
phase transition to the hexagonal phase in GMO/water
liquid crystals (Libster, Aserin, Garti, 2011). A delicate
interplay between lipid packing and the presence of
salts has been reported with changes in the mesophases
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and lattice parameter of liquid crystals (Brasnett et
al., 2017). Adding OA has changed molecular packing
and phase behavior of phytantriol cubic phases, while
the association of OA and sucrose stearate affects the
lattice parameter and the size of water channels in a
pH-dependent manner (Bisset, Boyd, Dong, 2015). The
effect of a guest molecule on the microstructure of liquid
crystalline systems seems to be dependent on the polar or
nonpolar nature of the molecule. Our results corroborate
the effects of lipophilic OA and hydrophilic PG on the
studied systems, and therefore we have investigated the
association of these additives.

GMO-W (70:30)/OA/PG(10) was isotropic with
a macroscopic aspect of the cubic phase. Adding both
OA (5.0% w/w) and PG (5.0 and 10.0% w/w) to GMO-W
(70:30) was carefully studied by Small Angle X-ray
Scattering (SAXS) and the results were reported in a
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previous study (Dante et al., 2018). Briefly, GMO-W
(70:30)/OA/PG(5) comprised both the hexagonal and
cubic phases (2 diamond-type cubic phase); adding of
10.0% (w/w) of PG to form the GMO-W (70:30)/OA/
PG(10) system induced a total phase transition to the
cubic phase (2 diamond-type cubic phase (Pn3, space
group) (Dante et al., 2018).

Swelling studies are important to characterize liquid
crystalline systems because water uptake can affect their
self-assembly and in situ gelling properties, which can
impact their drug release and mucoadhesive properties
(Shah, Paradkar, 2007; Nunes et al., 2016). The results
from the swelling studies were expressed as a percentage
of water uptake as a function of time (Figure 2). The liquid
crystalline systems studied presented a rapid water uptake

followed by an equilibrium state in agreement with similar
results reported (Nunes et al., 2016; Rizwan et al., 2009).
The lamellar phase system GMO-W (90:10) presented
higher water uptake than the cubic phase system GMO-W
(70:30), as expected. Lamellar phases usually absorb more
water than cubic phases: in contact with an excess of water,
GMO/water systems absorb water until the water content
equilibrium is reached; then, they undergo phase transitions
to the cubic phase, which is stable in an excess of water. In
general, systems with low water content such as lamellar
phases uptake water and reach equilibrium quickly; in
contrast, cubic phases are almost fully hydrated due to their
high initial water content and present high viscosity, which
are limiting factors for water uptake (Chang, Bodmeier,
1997; Rizwan et al., 2009).

100.0
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FIGURE 2 - Water uptake (%) by liquid crystalline systems immersed in artificial saliva (n = 4). Water uptake was determined
gravimetrically after immersion in excess of artificial saliva and expressed as the increase in weight of the sample over time
normalized to the initial weight of the dry systems. Glyceryl monooleate (GMO), water (W), oleic acid (OA), propylene glycol

at 5% (PGS), propylene glycol at 10% (PG10).

To examine how additives affected the swelling
performance of liquid crystalline systems, PG and
OA were added to a selected cubic phase system:
GMO-W (70:30). Compared with the PG-free system,
an addition of PG increased water uptake probably
due to its hydrophilic nature and its ability to induce
the phase transition to the lamellar phase. It was also
observed that the water uptake rate increased with the
PG content.

Braz. J. Pharm. Sci. 2022;58: €20803

The swelling performance of pure GMO matrices in
the presence of drugs and/or additives has already been
investigated (Shah, Paradkar, 2007; Kumar et al., 2004). It
is known that the swelling rate increases linearly with the
hydrophilicity of drugs and/or additives (Shah, Paradkar,
2007). Therefore, the load of polar drugs enhances
water uptake while the load of non-polar drugs impairs
water uptake, probably due to the mesophases formed
in the presence of such drugs. In general, the addition
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of hydrophilic drugs to GMO favors the formation
of lamellar phases and increases water uptake, while
adding lipophilic drugs favors the formation of cubic
and hexagonal phases. When the formation of the cubic
phase is induced by the presence of lipophilic additives,
the liquid crystalline system absorbs less water, and
consequently it has a weak swelling performance (Shah,
Paradkar, 2007; Kumar et al., 2004).

Our finding that adding the hydrophilic PG additive
to GMO/water systems increased water uptake agrees
with the data in the literature that was mentioned
previously. In addition, after adding OA, the decreased
water uptake can be related to the phase transition to
the hexagonal phase that it induced, as well as to its
hydrophobic nature.

Compared with liquid crystalline systems containing
only PG, systems containing both PG and OA exhibited
weaker water uptake because the association of these
additives induced the phase transition to the cubic phase,
which usually presents a low water uptake rate. However,
when compared to the system containing only OA, the
presence of hydrophilic PG increased water uptake.

Ana Beatriz Cintra, Lariani Aparecida Delboni, Marilisa Guimaraes Lara

These results suggest that the impact of additives on
water uptake by liquid crystalline systems was closely
related to the way that they interfered with the system
mesophase.

The kinetic analysis of swelling data (Figure 3 and
Table II) showed evidence that all the systems presented
second-order linearity, as the plots of /I versus ¢
resulted in a linear relationship, according to Equation
2. Correlation coefficients and calculated maximum
water uptake (W) are presented in Table II. These
results indicate that the presence of the PG and OA
additives did not alter the swelling kinetics of the liquid
crystalline systems. Several authors have reported that
GMO/water liquid crystalline systems usually follow
second-order kinetics (Souza et al., 2014; Rizwan et al.,
2009; Lee et al., 2003; Lara, Bentley, Collett, 2005).
According to this model, stress relaxation forces during
swelling are relevant to the overall process of water
uptake, as swelling initially occurs due to diffusion and
stress relaxation, but relaxation becomes the dominant
mechanism when swelling progresses (Souza et al.,
2014; Schott, 1992).
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B GMO-W (70:30)

A GMO-W (70:30)/0A

X GMO-W (70:30)/PG(5)
GMO-W (70:30)/PG(10)

® GMO-W (70:30)/0A/PG(5)
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FIGURE 3 - Swelling isotherms of liquid crystalline systems according to: (A) the second-order kinetics (Equation 2) and (B) the
first-order kinetics (Equation 1). Swelling data were obtained from Figure 1. Woo is the maximum water uptake, W is the water
uptake at a time ¢, (Woo—W¥) is the unrealized water uptake (Schoot, 1992). Glyceryl monooleate (GMO), water (W), oleic acid
(OA), propylene glycol at 5% (PGS), propylene glycol at 10% (PG10).
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TABLE Il - Kinetic parameters from swelling studies

Linear correlation coefficient

Maximum water uptake

System First-order model Second-order model Woo (g/g)
GMO-W (90:10) 0.9390 0.9759 0.3966
GMO-W (70:30) 0.2919 0.9134 0.1873
GMO-W (70:30)/0A 0.9402 0.9961 0.9016
GMO-W (70:30)/PG(5) 0.6600 0.9952 0.2649
GMO-W (70:30)/PG(10) 0.5921 0.998 0.3814
GMO-W (70:30)/0A/PG(5) 0.3183 0.9400 0.1570
GMO-W (70:30)/0A/PG(10) 0.8567 0.9605 0.2938

Linear correlation coefficients were calculated according to first- and second-order kinetic models.

The maximum water uptake was expressed as g of immersion media absorbed per g of the liquid crystalline system.

The results from mucoadhesion studies expressed
as maximum detachment force (F_ ) are presented in
Figure 4. GMO-W (90:10) (lamellar phase) and GMO-W
(70:30) (cubic phase) displayed the highest and the lowest
F . values, indicating that they had the strongest and
the weakest mucoadhesion, respectively. Our findings
corroborate the reports that mucoadhesion of GMO-
based liquid crystalline systems can be related to their
mesophase and water uptake capacity (Dash et al., 1999;
Lee, Young, Kellaway, 2001; Souza et al., 2014). GMO
absorbs water and undergoes phase transitions from the
lamellar to the cubic phase (Dash et al., 1999) when in
contact with an excess of water. Lamellar phases with
low initial water content have better mucoadhesive
properties than fully swollen cubic phases and can be used
as precursors for in situ formation of cubic phases (Lee,
Young, Kellaway, 2001; Nielsen, Schubert, Hansen, 1998).
These systems are preferred for mucosal drug delivery and

Braz. J. Pharm. Sci. 2022;58: €20803

can therefore be used as a reference. There is a quantitative
relationship between the maximum detachment force and
initial water content that drives water uptake in GMO/
water systems (Lee, Young, Kellaway, 2001). It is reported
that GMO mucoadhesion depends on water uptake and
this process probably occurs through the substrate
dehydration (Dash et al., 1999; Lee, Young, Kellaway,
2001; Nielsen, Schubert, Hansen, 1998; Souza et al., 2014).
According to this theory, materials that absorb water and
gelify in an aqueous environment can dehydrate mucous
membranes; the resulting water movement consolidates
the adhesive bond instead of causing interpenetration of
macromolecular chains such as polymeric systems. The
GMO/water systems presenting cubic phases had poor
mucoadhesive properties due to their fully swollen state
and consequent poor water uptake capacity (Dash et al.,
1999; Lee, Young, Kellaway, 2001; Nielsen, Schubert,
Hansen, 1998; Smart, 2005; Carvalho et al., 2010).
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FIGURE 4 - Maximum detachment force (F__ ) of liquid crystalline systems obtained using a Texture Analyser TA.XT Plus
(Stable Micro Systems) and pig buccal cheek (n=3). Glyceryl monooleate (GMO), water (W), oleic acid (OA), propylene glycol

at 5% (PGS), propylene glycol at 10% (PG10).

We investigated if the presence of additives would
modify swelling and mucoadhesive properties of liquid
crystalline systems. A comparison between F__values
of the system without additives (GMO-W 70:30) and
systems containing additives suggests that mucoadhesion
was little affected by the presence of these compounds
despite changes in the mesophase and water uptake. In
the presence of additives, the relation between water
uptake and mucoadhesion was not so clear. This influence
was more significant in the GMO-W (70:30)/OA/PG10,
which presented an intermediate value of F_=between
the lamellar and the cubic phase. This finding is relevant
because this association yielded a cubic phase system, as
confirmed by SAXS analysis (Dante et al., 2018), but it
had stronger mucoadhesion than the cubic phase system
formed without additives.

It is important to note that cubic phase systems
present interesting properties to be used as drug delivery
systems, such as stability in contact with water and ability
to sustain drug release due to their particular internal
structure. However, fully hydrated cubic systems present
poor mucoadhesion, as discussed before. Adding OA and
PG at the concentrations tested here was an effective
strategy to obtain cubic phase systems with stronger
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mucoadhesion, which may help to develop drug delivery
systems intended for mucosal delivery of drugs. The same
formulation (GMO-W (70:30)/OA/PG10) effectively
modulated the release and permeation of celecoxib
through the skin (Dante et al., 2018). In the present
study, this system presented a good performance as a
mucoadhesive delivery system. Taken together these
results indicate that GMO-W (70:30)/OA/PG10) is a
potential carrier for buccal delivery of drugs, combining
drug release, drug permeation and mucoadhesion
properties.

This study characterized the swelling and
mucoadhesive properties of GMO/water systems
containing additives that can carry drugs to be used as
buccal drug delivery systems. All the systems studied
were able to absorb water and presented mucoadhesive
properties. Addition of OA and PG induced phase
transitions that affected the type of mesophases of
the GMO/water systems and their swelling, while
mucoadhesive properties were only slightly affected.
PG increased water uptake, while OA induced the
phase transition to the hexagonal phase and reduced
water uptake. An association of OA (5.0% w/w) and PG
(10.0% w/w) resulted in a cubic phase system with strong
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mucoadhesive properties that could be a potential carrier
for buccal drug delivery. In addition, the solubilizing
effect of PG and the permeation enhancer effect of OA
could improve drug release and permeation, and therefore
contribute to the drug delivery performance of this liquid
crystalline system.
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